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Time-resolved surface scattering imaging was performed for liquid benzyl chloride and liquid
toluene under femtosecond KrF laser ablation conditions. No scattering image was obtained until 1
ns, while scattering started from 2 ns when the laser fluence exceeded 25 mJ/cm2, and its intensity
increased with the passage of time. The higher the laser fluence was, the steeper the increasing slope
was. The scattering is due to surface roughness, which is the initial stage of macroscopic
morphological changes. Root-mean-square surface roughness was estimated from the scattering
intensity by using frosted fused-silica plates as reference samples. The induced surface roughness
increases to a few hundred nm in 10 ns. © 1998 American Institute of Physics.
@S0003-6951~98!02150-0#Intense laser pulse irradiation onto condensed matters
inevitably leads to macroscopic morphological changes such
as etching, pit formation, and melting. In order to obtain
some clues to clarify their primary processes leading to mor-
phological changes, various kinds of dynamic surface obser-
vation methods have been developed and applied so far.
Time-resolved measurements in situ are indeed indispens-
able to obtain detailed information on the dynamics of mor-
phological changes and to elucidate their microscopic
mechanism, in addition to static observation methods such as
scanning electron microscopy, and so on.
Time-resolved shadowography was carried out to ob-
serve the phenomena induced above a sample surface such as
shockwave expansion and plume ejection, and to determine
ablation threshold values, where its spatial and temporal
resolutions are, typically, ;10 mm and 20 ns, respectively.1
Time-resolved interferometry was also performed to analyze
the whole surface expansion and contraction dynamics of
polymer films,2 where its spatial and temporal resolutions are
;30 nm and 8 ns, respectively. Furthermore, in the ps time
domain, time-resolved surface reflectance imaging was per-
formed on the surface of Si,3 and so on. This method mainly
focuses on the reflectivity change and the attenuation of a
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morphology.
Noncontact time-resolved observation methods such as
those described above enable us to adopt liquids as an abla-
tion target. Because a liquid surface is too soft for mechani-
cal measurements, their morphological changes are always
transient, and their flat surfaces recover quickly. In fact, we
have already succeeded in the clarification of morphological
change dynamics of liquid benzene derivatives induced by a
ns KrF laser pulse irradiation with time-resolved shadowgra-
phy in the time range from tens of ns to hundreds of ms.4 The
molecular photochemical mechanism of the liquid ablation
was elucidated by comparing the dynamics with transient
absorption and emission spectroscopic analyses. To bridge
the macroscopic dynamics and microscopic mechanism, sur-
face roughness induced priorly to shockwave generation,
plume ejection, surface elevation, and so on, should be made
clear.
Based on the background described above, in this letter
an ultrafast surface scattering imaging method is developed
and applied to clarify the initial stage of morphological
changes induced on a liquid surface with higher spatial and
temporal resolutions. An experimental setup is shown in Fig.
1. As an excitation light pulse, a fs ultraviolet laser pulse
~248 nm, 300 fs! from a high-power fs KrF laser system
irradiates a free surface of a sample liquid in a fused-silica
container ~3 cm diam, 5 mm deep! via a lens ( f 530 cm)8 © 1998 American Institute of Physics
o AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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the use of partially transmitting attenuators and measured by
a joule meter ~Gentec, ED-500 or Lasertechnik Berlin,
PEM100!. Laser fluence F is calculated by the equation of
F5laser intensity/spot size. A white light continuum is ob-
tained by focusing a second harmonic ~150 fs, 372 nm, 10
Hz! from the laser system into a 1 cm path length D2O cell
after a variable optical delay line ~19 ns at the longest! and
used as a probe light pulse to take a scattering image on a
sample liquid surface by a charge-coupled device ~Sony,
XC-7500!~CCD1!. Here, the D2O cell is used as a wave-
length converter because the CCD does not have a sensitivity
at 372 nm. The observation peak wavelength is set to 460 nm
considering the sensitivity of CCD1. The probe light pulse is
incident on a liquid surface vertically downward. The ob-
serving angle is ;60° to the liquid normal and its solid angle
is 22p/132 sr. At the same time, another CCD ~CCD2! is set
to monitor the intensity fluctuation of white light continuum.
The time origin is determined by measuring a transient ab-
sorption spectrum of liquid benzyl chloride. The effective
pulse width is ,6 ps taking optical chirp into consideration.
With this method, the time resolution is in the order of ps
and the spatial resolution is estimated to be comparable to
that of the interferometry (;30 nm).2 It is important in this
experimental system that images can be obtained only when
the surface roughness is induced. If no morphological change
is induced on the surface, the white light continuum never
reaches the CCD. Sample liquids are benzyl chloride ~refrac-
tive index at 460 nm, n46051.53, 99%, Nacalai Tesque! and
toluene (n46051.49, 99%, Nacalai Tesque!. The samples are
used after N2 bubbling for several minutes. Experiments are
performed at 294 K under atmospheric pressure.
A typical example of sequential scattering images is
shown in Fig. 2, where the sample liquid is toluene and F
590 mJ/cm2. No scattering images are obtained until 1 ns.
At ;2 ns the scattering from the irradiated area is obtained
and its intensity increases with the passage of time. The light
and shade in the irradiated spot are due to the spatial inten-
sity irregularity of an excitation light pulse. This transient
behavior indicates that the surface scattering is induced by
FIG. 1. An experimental setup for time-resolved surface scattering imaging.
L; lens, ODL; optical delay line, D2O; 1 cm path length D2O cell, F; filter,
BS; beam splitter, and CCD1~2!; charge-coupled device for measurement
~fluctuation monitoring!.Downloaded 29 Sep 2008 to 130.34.135.158. Redistribution subject tsurface morphological changes, not by a transient refractive
index change. This is confirmed by fs absorption spectros-
copy under the same condition which is conducted separately
in our laboratory.5 Transient absorption of molecular excited
states ~monomer and excimer absorption bands, and so on!,
which may lead to the refractive index change, was observed
already at 0 ns. Furthermore, a broadband whose absorbance
intensity decreases in the longer wavelength of 300–500 nm
was observed in the same ns time domain, and its absorbance
intensity increased with the same passage of time. This tail-
ing component is usually ascribed to the scattering of a probe
light pulse. The surface morphological change is considered
to be laser-induced surface roughness, while a flat surface
displacement due to the expansion/contraction of liquids
does not induce such scattering.
Here, the scattering intensity ~CCD1! is corrected to the
reference intensity ~CCD2! because the intensity of a probe
light pulse fluctuates shot by shot, and the corrected scatter-
ing intensity Iscat is plotted against the delay time. The results
are summarized as a function of fluence in Fig. 3. When the
laser fluence is relatively low (F510 mJ/cm2), there is no
scattering obtained until 19 ns. As the laser fluence increases
higher than 25 mJ/cm2, however, the scattering intensity is
counted remarkably. When the scattering starts are depen-
dent on F, the higher the fluence is, the earlier the starting
time is. This tendency reminds us of a similar correlation in
the conventional shadowgraphy of the same liquids6 where
the spatial resolution is ;10 mm. Furthermore, the intensity
increasing slope is also dependent on F; the higher the laser
fluence is, the acceleratively steeper the increasing slope is.
This may be due to the difference of the initial amount of
transient species such as benzyl radicals7 leading to the sur-
face roughness. In the case of higher F, saturation and fluc-
tuation of scattering intensity are observed at the late stage,
which may be due to the fact that ejected plumes detached
from a liquid surface shut out the incident probe light pulse,
and its intensity reaching a liquid surface is decreased as a
result. This attenuation effect was also presented in a ps re-
flectance imaging of Si.3 The scattering intensity rise time of
benzyl chloride @Fig. 3~a!# seems to be faster than that of
toluene @Fig. 3~b!#. This is not because of the liquid macro-
scopic properties such as surface tension and viscosity, since
those coefficients of benzyl chloride are larger than those of
toluene. One interpretation will be based on a difference of
benzyl radical production dynamics; a direct bond scission
FIG. 2. Scattering images obtained by CCD1 in Fig. 1 when the sample
liquid is toluene and F590 mJ/cm2. The time in each frame represents a
delay time. The vertical and horizontal white bars in the last frame represent
1 mm.o AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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time range, while such scission hardly occurs in toluene.5
We convert quantitatively Iscat to root-mean-square sur-
face roughness R rms , assuming that the scattering is only due
to surface roughness in this time domain. The relation be-
tween the scattering intensity and surface roughness has been
reported as follows by Bennett and Porteus8 and Elson et al.9
under the conditions that R rms is small compared to the probe
light wavelength l and the correlation length in the lateral
direction is larger than l:
Rdif5R0~4pR rms /l!2, ~1!
where Rdif is the total diffuse reflectance of a rough surface,
and R0 is the specular reflectance of a perfectly smooth sur-
face of a sample. This model is used to estimate the surface
roughness of silicon wafers,10 for instance. Here, if the back-
scattering is isotropic to the hemisphere, an equation,
Iscat5Rdif3const, ~2!
is valid.
Frosted fused-silica plates (n46051.46, Sigma Koki,
DFSQ1-30C02! are used as reference samples for the evalu-
ation of surface roughness. Their R rms are measured by a
FIG. 3. Fluence dependence of scattering intensity of ~a! benzyl chloride
and ~b! toluene. The left vertical axis represents corrected scattering inten-
sity Iscat . The right vertical axis represents the estimated root-mean-square
surface roughness R rms .Downloaded 29 Sep 2008 to 130.34.135.158. Redistribution subject tstylus profiler @the vertical ~lateral! spatial resolution is 1
~500! nm., Sloan, Dektak III# separately, and then correlated
to Iscat , which are measured here by the present setup. This
correlation can be used for estimating the transient R rms of
the present liquids, and the R rms value is shown in the right
vertical axis of Fig. 3. It is noticeable that the estimated
R rms , the standard deviation of surface local height, is in the
order of a few hundred nm. In a fs laser ablation, the foil
structure on a poly~ethylene terephthalate! film,11 fine ripple
structure on a fused-silica plate,12 and so on, were reported,
which were observed by various scanning microscopes; a
static observation. A transient surface roughness change in-
duced on an aluminum surface by Nd31:YAG laser irradia-
tion during welding monitored by integrated scattering inten-
sity was reported.13 This is, however, the first report on a
transient liquid surface roughness induced under the laser
ablation condition as far as we know.
In this letter, we describe a time-resolved surface scat-
tering imaging of liquid benzyl chloride and liquid toluene
under fs KrF laser ablation conditions. Scattering is induced
by surface roughness, which is the initial stage prior to
plume ejection, and so on. Furthermore, this experimental
method combined with an analysis using a relation of scat-
tering intensity and root-mean-square surface roughness, a
quantitative surface roughness estimation was accomplished.
Time-dependent evolution from molecular dynamics to mac-
roscopic morphological changes will be elucidated by inte-
grating the present approach, shadowgraphy, and fs transient
absorption spectroscopy.5
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